In higher plants, the chloroplast NADH dehydrogenase-like complex (NDH) interacts with photosystem I (PSI) to form the NDH-PSI supercomplex via two minor light-harvesting complex I (LHCI) proteins, Lhca5 and Lhca6. Previously, we showed that in lhca5 and lhca6, NDH still associates with PSI to form smaller versions of the NDH-PSI supercomplex, although their molecular masses are far smaller than that of the full-size NDH-PSI supercomplex. In this study, we show that the NDH complex is present in the monomeric form in Arabidopsis (Arabidopsis thaliana) lhca5 lhca6, implying that NDH interacts with multiple copies of PSI. NDH subunit levels were slightly reduced in immature leaves and more drastically (approximately 50%) in mature leaves of the lhca5 lhca6 double mutant compared with the wild type. Chlorophyll fluorescence analyses detected NDH activity of lhca5 lhca6, suggesting that the supercomplex formation is not essential for NDH activity. However, the severe phenotypes of the lhca5 lhca6 proton gradient regulation5 triple mutant in both plant growth rate and photosynthesis suggest that the function of NDH was impaired in this mutant in vivo. Accumulation of NDH subunits was drastically reduced in lhca5 lhca6 when the light intensity was shifted from 50 to 500 mmol photons m 22 s 21 . Furthermore, the half-life of NDH subunits, especially that of NDH18, was shorter in monomeric NDH than in the NDH-PSI supercomplex under the high-light conditions. We propose that NDH-PSI supercomplex formation stabilizes NDH and that the process is especially required under stress conditions.
In addition to linear electron transport through complexes of PSII, cytochrome (Cyt) b 6 f, and PSI, cyclic electron transport around PSI contributes to the light reactions of photosynthesis (Shikanai, 2007a) . While linear electron transport produces both ATP and NADPH, PSI cyclic electron transport preferentially produces ATP without accumulation of NADPH; this mechanism is thought to balance the ATP-NADPH ratio for various metabolic reactions (Livingston et al., 2010) . Analysis of Arabidopsis (Arabidopsis thaliana) mutants clarified at least two partially redundant pathways of PSI cyclic electron transport in chloroplasts. The main pathway depends on PROTON GRADIENT REGULATION5 (PGR5) and PGR5-Like1 (PGRL1; Munekage et al., 2002; DalCorso et al., 2008) , although it is still unclear how these proteins are required for the electron transport (Nandha et al., 2007) . Recently, the supercomplex that drives PSI cyclic electron transport was discovered in Chlamydomonas reinhardtii, and this supercomplex was designated PSI-LHCI-LHCII-FNRCytb 6 f-PGRL1 (Iwai et al., 2010) . The minor pathway is mediated by the chloroplast NADH dehydrogenaselike complex (NDH), which prevents overreduction of the stroma, especially under stress conditions (Munekage et al., 2004; Shikanai, 2007b) .
Chloroplast NDH is thought to have originated from its ancestor, cyanobacterial NDH-1 (Friedrich and Weiss, 1997) . Cyanobacteria have two functionally distinct NDH-1 complexes, NDH-1L and NDH-1MS, and chloroplast NDH is related only to cyanobacterial NDH-1L, which is involved in respiration and PSI cyclic electron transport (Battchikova and Aro, 2007) . Eleven subunits of the chloroplast NDH complex are homologs to subunits in the mitochondrial complex I and eubacterial NADH dehydrogenase (Matsubayashi et al., 1987; Peng et al., 2011) . However, the homologs of the three bacterial subunits (NuoE-NuoG) that function in NADH oxidation are not encoded in the cyanobacterial and higher plant genomes, suggesting that chloroplast and cyanobacterial NDH complexes are equipped with different "catalytic" domains and probably utilize different substrates as electron donors rather than NAD(P)H (Peng et al., 2011) .
During the last decade, several novel NDH subunits have been identified in higher plants (Suorsa et al., 2009; Ifuku et al., 2010; Peng et al., 2011) . On the basis of the analogy with Escherichia coli and cyanobacterial NDH-1, as well as extensive genetic and biochemical characterization, the chloroplast NDH complex was divided into four categories: membrane, lumen, A, and B subcomplexes (Peng et al., 2011) . Although the sub-units of the membrane subcomplex and subcomplex A are conserved in cyanobacterial NDH-1L and chloroplast NDH, chloroplast NDH had acquired dozens of novel subunits and these chloroplast-specific subunits are mainly found in the lumen and B subcomplexes (Peng et al., 2011) . While the lumen subcomplex includes PsbP-Like protein2, FK-506 Binding Protein16-2 (FKBP16-2), CYCLOPHILIN20-2 (CYP20-2), and At1g14150, subcomplex B contains NDH-DEPENDENT CYCLIC ELECTRON FLOW1 (NDF1)/NDH48, NDF2/NDH45, NDF4, NDF6, NDH18, and At3g01440. Except for CYP20-2, all of the chloroplast-specific subunits are required for the accumulation of the intact NDH complex. The existence of these higher plant-specific subunits suggests that the structure of the NDH complex has changed drastically during the evolution of land plants.
Besides having acquired these novel subunits over the course of evolution, the NDH complex also came to interact with PSI to form the NDH-PSI supercomplex . The molecular mass of this supercomplex is far greater than 1,000 kD, and it can be separated from other thylakoid membrane complexes by blue native (BN)-PAGE . Mass analysis of this supercomplex identified the majority of the PSI and NDH subunits as well as two minor light-harvesting complex I (LHCI) proteins, Lhca5 and Lhca6, which show a high degree of similarity to the four major LHCI proteins, Lhca1 to Lhca4 (Peng et al., 2009) . Analysis of mutants defective in the expression of Lhca5 and Lhca6 showed that these two minor LHCI proteins are specifically required for the formation of the full-size NDH-PSI supercomplex. In lhca6 RNA interference lines, the full-size NDH-PSI supercomplex was completely missing and NDH subunits accumulated in a smaller supercomplex of approximately 1,000 kD. Although the molecular mass of this supercomplex is far less than that of the full-size NDH-PSI supercomplex, it still associates with PSI (Peng et al., 2009) . The smaller version of the NDH-PSI supercomplex was also found in the lhca5 mutant (Peng et al., 2009 ). These facts suggest that NDH probably associates with multiple copies of PSI.
In this study, we constructed an lhca5 lhca6 double mutant and found that NDH is mainly present as a monomer with a molecular mass of approximately 700 kD in the double mutant, suggesting that NDH interacts with at least two copies of PSI via Lhca5 and Lhca6. Further analyses showed that NDH-PSI supercomplex formation is required for the stability of NDH, especially under high-light conditions.
RESULTS

NDH Is Present as a Monomer in the lhca5 lhca6 Double Mutant
To study the possibility that NDH interacts with multiple PSI complexes via Lhca5 and Lhca6, we constructed an lhca5 lhca6 double mutant. Although RNA interference was previously used to knock down Lhca6 (Peng et al., 2009 ), a T-DNA insertion line of lhca5 and a dSpm transposon insertion line of lhca6 were obtained from the European Arabidopsis Stock Centre and the Arabidopsis Biological Resource Center, respectively, for convenience of genetic manipulation (Fig. 1A) . Reverse transcription-PCR analyses indicate that the expression of Lhca5 and Lhca6 was completely knocked out in the corresponding mutants (data not shown). Consistent with our previous report (Peng et al., 2009 ), these two mutants did not exhibit any visible phenotype. BN-PAGE was performed to investigate possible structural changes of thylakoid protein complexes between wild-type and lhca5 lhca6 plants. It is clear that the NDH-PSI supercomplex corresponding to band I was absent in the double mutant, whereas other complexes were not affected (Fig. 1B) .
To assign the position of NDH subunits in BN-PAGE, we performed two-dimensional (2D) SDS-PAGE and subsequent immunoblot analyses using specific antibodies (Fig. 1C) . Besides the NDH-PSI supercomplex and PSI monomer, a smaller complex containing PsaA was also detected on the BN gel, and it probably corresponds to the PSI core complex, which is detached from the LHCI complex (Romanowska et al., 2008) . Consistent with previous reports, NDH subunits comigrate with a trace amount of PSI at the top of the BN gel in wild-type samples (Fig. 1C) ; this complex corresponds to the full-size NDH-PSI supercomplex (Peng et al., , 2009 . Interestingly, all of five NDH subunits tested were detected mainly in a complex of approximately 700 kD in both immature and mature leaves of the lhca5 lhca6 double mutant, and the PSI complex that comigrated with NDH in wild-type thylakoids was absent in lhca5 lhca6 (Fig. 1C) . So far, a total of 25 NDH subunits have been identified by various approaches (Rumeau et al., 2005; Ishihara et al., 2007; Ishikawa et al., 2008; Majeran et al., 2008; Shimizu et al., 2008; Peng et al., 2009; Sirpiö et al., 2009a Sirpiö et al., , 2009b Takabayashi et al., 2009; Suorsa et al., 2010; Yabuta et al., 2010) . If we assume that only one copy of each subunit is included in the complex, the calculated molecular mass of NDH is approximately 690 kD, which is almost identical to that of the NDH complex detected in lhca5 lhca6. We propose that the 700-kD complex detected in the lhca5 lhca6 double mutant consists of all the NDH subunits, and we thus refer to the complex as monomeric NDH, which interacts with at least two copies of PSI to form the fullsize NDH-PSI supercomplex in wild-type plants (for more details, see "Discussion").
Besides the NDH monomer, an NDH subcomplex with molecular mass of approximately 450 kD was detected by antibodies against NdhH, NdhL, and FKBP16-2 in the lhca5 lhca6 double mutant (Fig. 1C) . In contrast, small amounts of NDH18 and NDF1 were present in another subcomplex with molecular mass of approximately 250 kD. These results imply that the 450-kD complex includes subcomplex A and the lumen subcomplex and that the 250-kD complex con-tains subcomplex B. Because we have no antibodies against membrane subunits, it is unclear which subcomplex contains the membrane subunits.
NDH Subunit Levels in the lhca5 lhca6 Double Mutant
To investigate the steady-state levels of NDH subunits in lhca5 and lhca5 lhca6, the protein blots were probed with antibodies against various NDH subunits ( Fig. 2A) . As reported previously (Peng et al., 2009) , NDH subunit levels were slightly higher in immature than in mature lhca6 leaves (Fig. 2) . We also analyzed NDH levels in immature and mature lhca5 and lhca5 lhca6 leaves. In contrast to lhca6, NDH subunit levels were unaffected in both immature and mature leaves in lhca5 (Fig. 2) . In lhca5 lhca6, NDH subunit levels were slightly lower than in immature (approximately 80%) and mature (approximately 50%) lhca6 leaves (Fig. 2) . These results suggest a minor contribution of Lhca5 in the stabilization or assembly of the NDH complex, at least at 50 mmol photons m 22 s 21 .
Monomeric NDH Also Localizes to the Stroma Thylakoids
The conservation of Lhca5 and Lhca6 suggests that the NDH-PSI supercomplex is universal among flow- Figure 1 . Analysis of thylakoid protein complexes from wild-type (WT) and lhca5 lhca6 double mutant plants. A, Structures of Lhca5 and Lhca6. The positions of the T-DNA insertion in lhca5 and the dSpm transposon insertion in lhca6 were confirmed by sequencing the PCR products. B, Thylakoid membranes were isolated from wild-type and lhca5 lhca6 plants and then separated by BN-PAGE (left panel). After electrophoresis, the gel was stained with Coomassie Brilliant Blue (right panel). Band I is the NDH-PSI supercomplex detected in wild-type plants. C, Thylakoid membrane complexes isolated from immature and mature leaves of wild-type and lhca5 lhca6 plants were separated by BN-PAGE and further subjected to 2D SDS-PAGE. The proteins were probed with specific antibodies against PsaA, CP47, NdhH, NdhL, FKBP16-2, NDH18, and NDF1. The positions of the NDH-PSI supercomplex in the wild type and monomeric NDH in lhca5 lhca6 are indicated by black arrows. The positions of the putative NDH subcomplexes detected in lhca5 lhca6 are indicated by white arrows. Figure 2 . Analysis of the NDH complex from wild-type (WT), lhca5, lhca6, and lhca5 lhca6 plants. A, Immunoblot analysis of thylakoid proteins from immature and mature leaves of wild-type, lhca5, lhca6, and lhca5 lhca6 plants. Thylakoid proteins were separated by SDS-PAGE and immunodetected with specific antibodies. Thylakoid proteins were loaded on an equal chlorophyll basis. B, Semiquantitative analysis of thylakoid proteins. Immunoblot results were analyzed with Imagemaster software (Amersham Pharmacia Biotech). The protein levels in the wild-type mature leaves and lhca5, lhca6, and lhca5 lhca6 immature and mature leaves are shown relative to those in the wildtype immature leaves (100%). Values are means 6 SD of three independent experiments using different plant materials.
ering plants (Peng et al., 2009) . What is the physiological function of the NDH-PSI supercomplex formation? We know that both NDH and PSI complexes reside in the stroma thylakoids (Lennon et al., 2003) . To study the possibility that the NDH complex requires its partner, PSI, for precise localization, we separated the stroma and grana lamellae and then analyzed the localization of NDH by immunoblot analysis (Supplemental Fig. S1 ). The majority of the NDH-PSI supercomplex (wild type) and monomeric NDH subunits (lhca5 lhca6) were found in the stroma thylakoids, while D1 was mainly localized to the grana lamellae (Supplemental Fig. S1 ). This result excludes the possibility that NDH-PSI supercomplex formation plays a role in the precise localization of NDH.
Activity of Monomeric NDH in lhca5 lhca6
NDH activity is monitored by a transient increase in chlorophyll fluorescence after actinic light (AL) illumination; this phenomenon is due to the reduction of the plastoquinone (PQ) pool by NDH in darkness (Burrows et al., 1998; Kofer et al., 1998; Shikanai et al., 1998) . Consistent with the previous report (Peng et al., 2009) , the transient chlorophyll fluorescence increase could be detected in immature leaves of lhca6, but it was drastically reduced in mature leaves (Fig. 3A) . Although the full-size NDH-PSI supercomplex formation was impaired in lhca5 (Peng et al., 2009) , the postillumination increase in chlorophyll fluorescence was identical in lhca5 and the wild type (Fig. 3A) . Similar to lhca6, the transient increase in chlorophyll fluorescence was detected in immature leaves of lhca5 lhca6, but it was not observed in its mature leaves (Fig. 3A) . We conclude that the smaller versions of NDH-PSI supercomplexes present in lhca5 and lhca6 and also the monomeric NDH complex present in lhca5 lhca6 are still functional, at least in immature leaves and in this assay system. Some of the decrease in NDH activity detected in this assay may be explained by the decrease in NDH subunit levels ( Fig. 2) . However, NDH activity was not detected in mature leaves of lhca5 lhca6, which still accumulate half the NDH subunit levels of the wild type (Figs. 2 and 3A).
As an alternative assay of NDH activity, we monitored ferredoxin (Fd)-dependent PQ reduction activity using ruptured chloroplasts isolated from mature leaves (Fig. 3B ). In this assay system, PQ is reduced via NDH-and PGR5/PGRL1-dependent pathways, and the latter is specifically inhibited by antimycin A (Munekage et al., 2002) . Consistent with the results of in vivo analysis (Fig. 3A) , PQ reduction activity was identical in lhca5 and the wild type both in the presence and absence of antimycin A (Fig. 3B ). Taken together with the results of in vivo analysis, we conclude that the NDH activity of the smaller version of the NDH-PSI supercomplex detected in lhca5 is comparable to that of the full-size NDH-PSI supercomplex detected in the wild type under the nonstress conditions. In the presence of antimycin A, PQ reduction activity of lhca5 lhca6 was lower than that of the wild type but higher than that of chlororespiratory reduction2-2 (crr2-2), in which NDH complex accumulation was impaired due to defective expression of ndhB (Hashimoto et al., 2003) . Because NDH subunits were preferentially detected in the 700-kD complex, this residual PQ reduction activity depends on monomeric NDH (Fig. 3B) , although NDH activity was not detected in the in vivo analysis of mature leaves (Fig. 3A) . Consistent with our previous report (Peng et al., 2009) , PQ reduction activity of lhca6 was also lower than that of the wild type but higher than that of crr2-2 (Fig. 3B) . Our in vitro assay does not provide exact quantitative information, and we cannot show whether the level of PQ reduction can be explained by the 30% to 50% reduction of NDH subunits in lhca6 and lhca5 lhca6. However, it is clear that the smaller version of the NDH-PSI supercomplex present in lhca6 and the NDH monomer present in lhca5 lhca6 still retain the activity detected in the in vitro system (Fig. 3B) . osmotically ruptured chloroplasts (20 mg chlorophyll mL 21 ) of wildtype (WT), lhca5, lhca6, crr2-2, and lhca5 lhca6 mature leaves. Ruptured chloroplasts were incubated with 10 mM antimycin A before measurement. The maximum fluorescence level in the wild type corresponded to approximately 40% of the F m level. This is a representative result of three experiments using thylakoid membranes isolated independently.
Accumulation of Monomeric NDH in the pgr5
Mutant Background
In our previous report (Peng et al., 2009) , we showed that plant growth and photosynthesis were drastically impaired in lhca6 pgr5, which accumulated approximately 75% of wild-type levels of NdhH and NdhL. These results suggested that NDH-PSI supercomplex formation may be required for the activity of the NDH complex. However, our in vivo and in vitro analyses of NDH activity in this work challenged this hypothesis (Fig. 3) . To further investigate the link between the supercomplex formation and NDH activity, we constructed the lhca5 pgr5 double mutant and the lhca5 lhca6 pgr5 triple mutant. Because NDH is essential for efficient photosynthesis in the pgr5 mutant background, the sizes and steady-state chlorophyll fluorescence levels of the plants reflect NDH activity in vivo (Munekage et al., 2004; Peng et al., 2009) . As shown in Figure 4 , at a light intensity of 50 mmol photons m 22 s 21 , lhca5 lhca6 pgr5 showed retarded growth and displayed high chlorophyll fluorescence, as in lhca6 pgr5 and crr4-2 pgr5 (Fig. 4, A and B) , indicating impaired photosynthetic electron transport activity. These results also suggest that NDH activity was drastically impaired in lhca5 lhca6 pgr5 and lhca6 pgr5 as well as in crr4-2 pgr5. In contrast, lhca5 pgr5 grew as well as pgr5 and the wild type and its chlorophyll fluorescence level was slightly higher than that of the wild type, similar to the pgr5 single mutant (Fig. 4, A  and B ). This result indicates that Lhca5 is not required for NDH activity in vivo even under the pgr5 mutant background.
To further characterize the photosynthetic activity of the lhca5 lhca6 pgr5 triple mutant, we analyzed the light intensity dependence of PSII quantum yield (F PSII ), which provides an estimate of the quantum yield of linear electron flow through PSII ( Fig. 4C ; Baker, 2008) . The F PSII levels were similar in wild-type, lhca5, and lhca6 plants, suggesting that Lhca5 and Lhca6 are not required for photosynthetic electron transport. The F PSII was not affected in pgr5 below 100 mmol photons m 22 s
21
, but it was reduced significantly at higher light intensities compared with the wild type (Fig. 4C) , probably due to the restriction of photosynthesis by the ATP level and photodamage of photosystems. In the crr4-2 pgr5 double mutant defective in both pathways of PSI cyclic electron transport, the F PSII value was drastically reduced even at 50 mmol photons m 22 s
. The F PSII levels were identical between lhca5 pgr5 and pgr5 plants, and this is consistent with the growth phenotype of lhca5 pgr5 (Fig. 4, A and C) . In contrast, the F PSII levels were significantly lower in lhca6 pgr5 and lhca5 lhca6 pgr5 than in pgr5, but they were slightly higher than in crr4-2 pgr5. The reduction was more severe in their mature leaves than in immature leaves.
We also determined two other chlorophyll fluorescence parameters, nonphotochemical quenching (NPQ) and 1-qL, which reflects the redox state of the PQ pool (Kramer et al., 2004; Miyake et al., 2009 ).
Compared with the wild type, a slight increase in NPQ was observed in lhca5, lhca6, and ndhl mutants (Supplemental Fig. S2A ), as often suggested in the mutants defective in NDH activity (Rumeau et al., 2005) . NPQ induction was affected severely in pgr5, as reported previously (Munekage et al., 2002) . The similar defect in NPQ induction was also observed in lhca5 pgr5, lhca6 pgr5, and lhca5 lhca6 pgr5 (Supplemental Fig. S2A) .
The 1-qL levels were higher in pgr5 than in the wild type, lhca5, lhca6, and ndhl at light intensities of more than 200 mmol photons m 22 s 21 (Supplemental Fig.  S2B ). 1-qL was higher in crr4-2 pgr5 than in pgr5 at light intensities of more than 50 mmol photons m 22 s 21 , indicating that the primary electron-accepting plastoquinone of PSII is highly reduced in crr4-2 pgr5 even at low light intensities. The 1-qL levels were similar between lhca5 pgr5 and pgr5, suggesting that the lhca5 defect scarcely affects NDH activity in vivo. This idea is consistent with the similar 1-qL levels between lhca6 pgr5 and lhca5 lhca6 pgr5 both in immature and mature leaves (Supplemental Fig. S2B ). All of the chlorophyll fluorescence analyses suggest that NDH activity is severely impaired in the mature leaves of lhca6 pgr5 and lhca5 lhca6 pgr5. In contrast, the lhca5 defect is unlikely to affect NDH activity even when the phenotype is analyzed in the pgr5 mutant background.
Immunoblot assays were performed to investigate the residual NDH level in these genotypes. The levels of NDH subunits NdhL, NDF1, and FKBP16-2 were reduced to 50% to 75% of the wild-type level in the mature leaves of lhca5 lhca6 pgr5, as in the mature leaves of lhca6 pgr5 (Fig. 4 , D and E; Peng et al., 2009) , and their immature leaves accumulated higher levels of subunits (Fig. 4, D and E ). Interestingly, the NDH18 level was drastically reduced to approximately 25% of the wild-type level in the mature leaves of lhca5 lhca6 pgr5 (Fig. 4, D and E) . In mature leaves of lhca6 pgr5, NDH18 accumulated to a slightly higher level than in mature leaves of lhca5 lhca6 pgr5. In contrast, the level of NDH18 was similar to that of other subunits in lhca6 and lhca5 lhca6 (Fig. 2) . The low accumulation level of NDH18 in lhca6 pgr5 and lhca5 lhca6 pgr5 may explain the severe phenotype of these two mutants. In contrast to D1 and Cyt f, which were not affected in these plants, the PSI subunit PsaA was reduced to various extents in the mature leaves of lhca6 pgr5 and lhca5 lhca6 pgr5 plants as well as in crr4-2 pgr5 plants. The decrease in PSI levels in these plants would result from PSI photodamage (Munekage et al., 2004; Okegawa et al., 2010) .
ther investigate the possibility that the NDH monomer is sensitive to the oxidative stress even in the presence of PGR5, we studied the accumulation of NDH subunits under high-light conditions. For this purpose, wild-type, lhca5, lhca6, and lhca5 lhca6 seedlings cultured at 50 mmol photons m 22 s 21 were exposed to the higher light intensity of 500 mmol photons m 22 s 21 for 2 d, and then the mature leaves were used for immunoblot analyses. By the stress, the maximum photochemical efficiency of PSII (F v /F m ) level declined from 0.788 6 0.05 to 0.658 6 0.21, but this is not the case in pgr5 at low light intensity. The levels of NDH subunits and the Cyt b 6 f subunit were slightly up-regulated at higher light intensity in the wild type (Fig. 5, A and B) , which is in line with a previous report (Tikkanen et al., 2006) . However, the levels of NDH subunits were significantly reduced in lhca5 lhca6 seedlings exposed to high-light conditions compared with those cultured in low-light conditions (Fig. 5, A and B) , supporting the idea that NDH-PSI supercomplex formation is required for the maintenance of the NDH complex, especially under stress conditions. In addition to NDH18, the levels of other NDH subunits in lhca5 lhca6 were reduced by the increase in light intensity. Although the activity and steady-state level of NDH were not affected in lhca5 under normal light conditions, NDH level did not increase in response to the increase in light intensity (Fig. 5, A and B) .
To investigate whether the structures of the NDH-PSI supercomplex and monomeric NDH were altered under the high-light conditions, we performed 2D BN/SDS-PAGE and subsequent immunoblot analyses using thylakoids isolated from wild-type and lhca5 lhca6 plants exposed to the high light intensity. The Figure 2B . The protein levels in the wild-type (WT) plants were defined as 100%. Values are means 6 SD (n = 3).
lhca5 and lhca6 single mutants were also included in this assay (Fig. 5C ). In the wild type, all of the NDH subunits tested were present in the position of the NDH-PSI supercomplex, suggesting that the structure of the NDH-PSI supercomplex was not affected under the high-light conditions. In lhca5 grown at 50 mmol photons m 22 s
, NDH subunits were mainly detected in the smaller NDH-PSI supercomplex, with a trace amount of subunits in the intact NDH-PSI supercomplex (Peng et al., 2009 ). However, under the high-light conditions, an additional subcomplex containing NDF1 and NDH18 but lacking FKBP16-2 and NdhH was detected in lhca5. This finding suggests that Lhca5 also contributes to the stabilization and/or assembly of the NDH complex under the high-light conditions, as does in the absence of Lhca6 (Fig. 1) . In lhca6 and lhca5 lhca6, NDH subunits were present in the smaller NDH-PSI subsupercomplex and the monomeric NDH complex, respectively (Fig. 5C ). The subcomplexes of 450 and 250 kD detected in lhca6 and lhca5 lhca6 grown at 50 mmol photons m 22 s 21 ( Fig. 1C ; Peng et al., 2009) were missing when the plants were cultured at 500 mmol photons m 22 s 21 (Fig. 5C ).
Stability of Monomeric NDH and the NDH-PSI Supercomplex under the High-Light Conditions
The steady-state accumulation level of the protein complex reflects the balance between its assembly and degradation. To assess which process was affected in lhca5 lhca6, we investigated the degradation of NDH subunits under the high-light conditions in the presence or absence of the protein synthesis inhibitors lincomycin and cycloheximide (Fig. 6) . The degradation of the D1 subunit of PSII was accelerated by adding lincomycin and cycloheximide (Fig. 6, A and  B) , confirming that the inhibitors are functioning in our system. In the absence of the inhibitors, the D1 level was not reduced by the high-light treatment, suggesting efficient repair (Fig. 6, C and D) . After the semiquantification of immunoblot signals, it is clear that the degradation of NDH subunits was acceler- Figure 5 . Analysis of thylakoid proteins from wild-type (WT), lhca5, lhca6, and lhca5 lhca6 plants under high-light conditions. A, Four-week-old plants cultured at 50 mmol photons m 22 s 21 were exposed to high light (500 mmol photons m 22 s
21
) for 2 d (16-h photoperiod) in a temperature-controlled chamber at 23°C and then harvested after a 10-h illumination on the last day. Freshly isolated thylakoid proteins were separated by SDS-PAGE and then immunodetected with the specific antibodies indicated. Thylakoid proteins were loaded on an equal chlorophyll basis. B, Semiquantitative analysis of thylakoid proteins as in Figure 2B . The protein levels in the wild type grown at 50 mmol photons m 22 s 21 were defined as 100%. Values are means 6 SD of three independent experiments using different plant materials. C, Thylakoid protein complexes isolated from high-light-treated plants were separated by BN-PAGE and then subjected to 2D SDS-PAGE. The proteins were immunodetected with the specific antibodies indicated. Arrows indicate the intact NDH-PSI supercomplex (I), the smaller NDH-PSI supercomplexes detected in lhca5 and lhca6 (II), monomeric NDH detected in lhca5 lhca6 (III), and the putative NDH-PSI subcomplex containing NDH18 and NDF1 detected in lhca5 (*). ated in lhca5 lhca6 compared with that in the wild type (Fig. 6, A and B) . In contrast, the levels of PsaA were only slightly reduced in the presence of the inhibitors, suggesting that PsaA is stable even under the high-light conditions. These results suggest that NDH subunits in monomeric NDH are unstable under the high-light conditions.
Even in the absence of the inhibitors, the NDH subunit levels in lhca5 lhca6 were drastically decreased under the high-light conditions, and its rate was comparable to that in the presence of the inhibitors (Fig. 6, C and D) . This is in contrast to the fact that the reduction of D1 levels is drastically accelerated in the presence of the inhibitors (Fig. 6, A and B) . These results suggest that the NDH complex is not repaired rapidly, once it is damaged. We conclude that monomeric NDH is unstable especially under high-light conditions and that the supercomplex formation is required for stabilizing NDH.
Consistent with the low steady-state level of NDH18 in lhca5 lhca6 pgr5 (Fig. 4, D and E) , NDH18 in lhca5 lhca6 was more sensitive to the high light intensity than NDF1 and NdhL both in the presence and absence of the inhibitors (Fig. 6) . The NDH18 level was also reduced more drastically than the levels of other subunits in the wild type, suggesting that NDH18 is localized to the most sensitive part of the NDH complex by the high-light stress, and the problem is more serious in monomeric NDH.
DISCUSSION
In this study, we investigated the structure and possible physiological functions of the NDH-PSI supercomplex. It has been shown that the molecular masses of the largest PSII supercomplex and PSI monomer are approximately 1,300 and 530 kD, respectively (Ben-Shem et al., 2003; Heinemeyer et al., 2004) . Our BN-PAGE showed that the smaller versions of NDH-PSI supercomplexes detected in lhca5 and lhca6 are slightly smaller than the largest PSII supercomplex (Peng et al., 2009) . Furthermore, the molecular mass of the NDH complex detected in the lhca5 lhca6 double mutant is approximately 700 kD (Fig. 1C) , which likely represents monomeric NDH. These facts imply that only one copy of PSI interacts with monomeric NDH to form the distinct versions of smaller NDH-PSI with molecular masses of approximately 1,200 kD in lhca5 and lhca6, respectively. Detection of 700-kD mono- Figure 6 . Analysis of the stability of the NDH monomer and NDH-PSI supercomplex under high-light conditions. A, Leaves from 4-week-old wild-type (WT) and lhca5 lhca6 plants were vacuum infiltrated with lincomycin and cycloheximide for 30 min and then exposed to the high-intensity light (500 mmol photons m 22 s 21 ) for various times indicated at the top. After the illumination, thylakoids were isolated and subjected to SDS-PAGE and immunodetected with specific antibodies. B, Semiquantitative analysis of thylakoid proteins as in Figure 2B . The protein levels in the wild-type and lhca5 lhca6 leaves are shown relative to those in their leaves before high-light treatment (0 h; 100%). Values are means 6 SD (n = 2). C and D, Conditions as in A and B, except that the leaves were vacuum infiltrated with water.
meric NDH in lhca5 lhca6 suggests that NDH interacts with two copies of PSI to form the full-size NDH-PSI supercomplex via Lhca5 and Lhca6, although direct evidence, such as that obtained by electron microscopic analysis, is still lacking.
What is the physiological function of NDH-PSI supercomplex formation? NDH activity was detected in immature leaves of lhca5 lhca6 in vivo (Fig. 3A) . NDH-mediated Fd-dependent PQ reduction was also detected in mature leaves of lhca5 lhca6 in vitro (Fig.  3B) . Because the in vivo analysis based on chlorophyll fluorescence did not detect any NDH activity in mature leaves of lhca5 lhca6 (Fig. 3A) , the in vitro analysis is more sensitive to detect low levels of activity. These results support the conclusion that NDH-PSI supercomplex formation is not essential for NDH activity. This conclusion is inconsistent with the mutant phenotype in the pgr5 background, which suggests that supercomplex formation via Lhca6 is required for the efficient function of NDH in vivo ( Fig. 4 ; Peng et al., 2009 ). Because Fd is required for NDH-dependent PQ reduction in our ruptured-chloroplast assay (Munekage et al., 2004) , it is possible that direct electron channeling occurs between PSI and NDH in the supercomplex via Fd, as in the supercomplex that drives cyclic electron flow in C. reinhardtii (Iwai et al., 2010) . Our inconsistent result is partly due to the lack of a reliable method to monitor the rate of NDH-dependent PSI cyclic electron transport quantitatively (Okegawa et al., 2008) , and we cannot eliminate the possibility that supercomplex formation is required for the efficient operation of NDHdependent PSI cyclic electron transport in vivo.
Mitochondrial complex I is homologous to chloroplast NDH and forms a supercomplex with dimeric complex III (Dudkina et al., 2006) . Several possible functions of this supercomplex have been proposed, including the enhancement of electron transfer rates, the stabilization of individual complexes, and assisting the complex insertion into the mitochondrial membranes (Boekema and Braun, 2007) . PSI level is reduced in crr4-2 pgr5 (Fig. 4, D and E) and crr2 pgr5 (Okegawa et al., 2010) , probably due to the photoinhibition of PSI. A similar phenotype was found in lhca5 lhca6 pgr5 (Fig. 4, D and E) , suggesting the occurrence of oxidative stress in these plants even at low light intensity. A drastic decrease of the NDH18 level in mature leaves of lhca6 pgr5 and lhca5 lhca6 pgr5 strongly suggests that NDH-PSI supercomplex formation is required for the maintenance of NDH, especially in stress conditions. This idea was also supported by results showing that accumulation of NDH is lowered to approximately 50% of the wild-type level in lhca5 lhca6 mature leaves (Fig. 2 ) and more drastically (to approximately 25% of the wild-type level) when plants are exposed to high-intensity light (Fig. 5) . Oxidative stresses caused by the pgr5 defect and by the high light in the presence of PGR5 may be different, and we cannot specify the direct reason for the phenotype. Because the NDH-PSI supercomplex level is more severely affected in mature leaves than in immature leaves in lhca5 lhca6 (Fig. 2) , it is likely that it is the stability rather than the assembly that is affected. This idea was strongly supported by the experimental evidence indicating that degradation of NDH subunits is more accelerated in NDH monomer than in the NDH-PSI supercomplex (Fig. 6) . We detected subcomplexes of 450 and 250 kD in the lhca6 and lhca5 lhca6 plants grown at 50 mmol photons m 22 s 21 ( Fig. 1C ; Peng et al., 2009 ), but these subcomplexes were missing when the plants were cultured at 500 mmol photons m 22 s 21 (Fig. 5C ). We cannot eliminate the possibility that the supercomplex formation is required for the efficient assembly of NDH and the 450-and 250-kD subcomplexes are assembly intermediates. However, the NDH subunit levels are more drastically affected in mature leaves than in immature leaves of lhca6 and lhca5 lhca6 (Fig. 2) . It is most likely that the 450-and 250-kD subcomplexes are produced by the degradation of NDH, and they are unstable especially at high light intensity (Figs. 1C and 5C) .
We propose that the supercomplex formation with PSI stabilizes NDH. A similar phenomenon was also discovered in mammalian mitochondria, in which complex I interacts with complex III and the assembly of complex I is independent of complex III, but complex I is unstable in the absence of complex III (Acín-Pérez et al., 2004) . It is still unclear how NDH-PSI supercomplex formation protects NDH from stress-induced inactivation and subsequent degradation. A possible target of the stress is NDH18, which contains one transmembrane domain and is included in subcomplex B (Peng et al., 2009 ). The severe phenotype of crr4-2 pgr5 suggests the critical function of NDH in alleviating stromal overreduction caused by the defect in pgr5 (Fig. 4) . Even in wild-type leaves, environmental stress causes similar stromal overreduction, where NDH function is essential. However, monomeric NDH is unstable under stress conditions, possibly via the inactivation of NDH18. During the evolution of flowering plants, plants may have had to make the NDH complex more resistant to oxidative stresses, possibly via supercomplex formation with PSI.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana) ecotypes Columbia-gl1 and Columbia-0 were grown in soil in a growth chamber (50 mmol photons m 22 s 21 , 16-h photoperiod, 23°C) for 3 to 4 weeks. Insertion sites of the SAIL T-DNA line for Lhca5 (SAIL_682_F10) and the dSpm transposon line for Lhca6 (N120500) were confirmed by PCR and direct sequencing of the PCR products. For the highlight treatment, 4-week-old intact plants were subjected to 500 mmol photons m 22 s 21 light conditions for 2 d in a temperature-controlled chamber at 23°C
(16-h photoperiod) and then harvested after 10 h of illumination on the last day. Immature and mature leaves were defined previously (Peng et al., 2009 ).
Thylakoid Membrane Preparation, BN-PAGE, and Immunoblot Analysis
Chloroplasts and thylakoids were isolated as described previously (Munekage et al., 2002) . BN-PAGE and subsequent 2D SDS-PAGE immunoblot analysis were performed as described previously (Peng et al., , 2009 Signals were detected using an ECL Plus Western Blotting Detection Kit (GE Healthcare; http://www.gehealthcare.com) and visualized by an LAS3000 chemiluminescence analyzer (Fuji Film; http://www.fujifilm.com). Immunoblots were quantified by Imagemaster software (Amersham Pharmacia Biotech) using three independent plant materials except for Figure 6 (n = 2).
Chlorophyll Fluorescence Analysis
Chlorophyll fluorescence was measured using a MINI-PAM portable chlorophyll fluorometer (Walz). The transient increase in chlorophyll fluorescence after turning off AL was monitored as described previously (Shikanai et al., 1998 (Miyake et al., 2009) . For imaging of chlorophyll fluorescence, the seedlings were first kept in the dark for 20 min and then AL light was turned on (100 mmol photons m 22 s 21 ). After illumination for 1 min, an image of chlorophyll fluorescence was captured by a FluorCAM 700MF (Photon System Instruments). Fddependent PQ reduction activity was measured in ruptured chloroplasts as described previously (Munekage et al., 2004; Peng et al., 2009) . As electron donors, 5 mM maize (Zea mays) Fd (Sigma-Aldrich) and 0.25 mM NADPH (Sigma-Aldrich) were used. Antimycin A (Sigma-Aldrich) at a concentration of 10 mM was added before measurement.
Stability of the NDH Monomer and the NDH-PSI Supercomplex
Detached leaves of 4-week-old Arabidopsis plants were vacuum infiltrated with water or a solution containing 100 mg mL 21 lincomycin (an inhibitor of plastid-encoded protein synthesis) and 20 mg mL 21 cycloheximide (an inhibitor of nucleus-encoded protein synthesis) for 30 min. After incubation, leaves were floated on their respective infiltration solutions and illuminated for 0, 3, 6, and 9 h under light conditions of 500 mmol photons m 22 s 21 and 23°C. After the treatment, thylakoids were isolated and subjected to immunoblot analysis.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers Lhca5 (At1g45474) and Lhca6 (At1g19150).
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